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We investigate how the possible existence of hadronic bound states above the deconfinement
transition temperature Tc affects heavy-quark observables like the nuclear modification factor, the
elliptic flow and azimuthal correlations. Lattice QCD calculations suggest that above Tc the effective
degrees of freedom might not be exclusively partonic but that a certain fraction of hadronic degrees of
freedom might already form at higher temperatures. This is an interesting question by itself but also
has a strong influence on other probes of the strongly interacting matter produced in ultrarelativistic
heavy-ion collisions. A substantial fraction of hadronic bound states above Tc reduces on average the
interaction of the heavy quarks with colored constituents of the medium. We find that all studied
observables are highly sensitive to the active degrees of freedom in the quark-gluon plasma.
I. INTRODUCTION
The strong suppression of high transverse momentum
heavy-flavor hadrons and decay leptons in ultrarelativis-
tic heavy-ion collisions compared to proton-proton colli-
sions provides strong evidence for the creation of a color-
deconfined plasma of quarks and gluons. It has been
observed by several experiments at RHIC [1–3] and LHC
[4, 5]. Heavy quarks are predominantly produced in the
initial hard nucleon-nucleon scatterings. The subsequent
interaction with the colored partonic plasma constituents
leads to a substantial energy loss of high-pT heavy quarks
and to partial thermalization of low-pT heavy quarks.
The in-medium energy loss is quantified by the nuclear
modification factor, RAA, which is the ratio of the pT -
spectra measured in heavy-ion collisions and the refer-
ence pT -spectra from proton-proton collisions scaled by
the number of binary collisions. The RAA of intermediate
and high transverse momentum heavy-flavor hadrons and
decay leptons is significantly below unity indicating that
heavy quarks lose a large fraction of their initial energy
traversing the partonic medium.
The finite elliptic flow, v2, of heavy-flavor hadrons and
decay leptons indicates that a fraction of the low- and
intermediate-pT heavy quarks thermalizes in the medium
and due to the scatterings in the medium, which itself
exhibits an elliptic flow, starts flowing collectively with
the light partons.
Most of the theoretical work on in-medium energy loss
starts from perturbative QCD calculations and thus de-
scribes the interaction between heavy quarks and colored
medium constituents. These models cover purely colli-
sional energy loss scenarios [6–8] and radiative correc-
tions [9–18]. Included in numerical simulations they are
∗Electronic address: nahrgang@subatech.in2p3.fr
mostly able to reproduce the measured RAA by rescal-
ing the underlying cross sections for the scattering of the
heavy quarks inside the medium by a parameter K [19–
25] or adjusting the diffusion coefficient in a Langevin-
approach [26–28]. This procedure is usually understood
to include theoretical uncertainties attributed to effects
at higher orders in perturbation theory. Naturally, one
would like to compare transport coefficients resulting
from the respective cross sections to lattice QCD cal-
culations. Unfortunately, however, QCD transport coef-
ficients cannot yet be reliably calculated on the lattice.
The next best choice is to compare the results from sim-
ulations to experimental data, like the D meson RAA.
Here, however, one is sensitive to more than just NLO
effects in pQCD calculations. In particular the details of
the description of the medium affects the value of RAA
significantly at high-pT [29]. The parameter K in this
context will thus in reality also depend on the special
evolution of the QGP medium.
Usually the plasma evolution is treated fluid dynam-
ically where the equation of state at highest RHIC en-
ergies and at LHC should be dictated by lattice QCD
calculations. Here, the transition temperature Tc can be
obtained from a variety of observables like the chiral sus-
ceptibility, the inflection point of the energy density or
the Polyakov-loop and lies in the range of 145−165 MeV
[30]. The transition at small baryonic densities is an ana-
lytic crossover [31]. Around Tc lattice QCD calculations
show a strong increase in thermodynamic quantities like
the energy density, which is attributed to the liberation of
color degrees of freedom [32]. Below Tc thermodynamic
quantities agree well between lattice QCD and hadron
resonance gas results. The nature of the degrees of free-
dom in a region directly above Tc is, however, not finally
answered.
In pure Yang-Mills theory, investigated in quenched
lattice QCD, the Polyakov-loop is an order parameter of
the Z(3)-symmetry and can thus be used to describe the
deconfinement phase transition [33, 34]. In unquenched
22 + 1 flavor lattice QCD calculations the Polyakov-loop
shows a slow increase. If one defined a transition temper-
ature from the inflection point of this increase it would
be higher than those obtained from e. g. the chiral sus-
ceptibility. In [35, 36] the region above Tc where the
(renormalized) Polyakov-loop changes with temperature
was called the “semi”-QGP in contrast to higher tem-
peratures, where the (renormalized) Polyakov-loop is flat
with temperature and close to one.
In [37] it was recently argued that the existence of
hadronic bound states above Tc is very well possible,
based on a comparison of non-diagonal quark suscepti-
bilities calculated within lattice QCD [38] and the PNJL
model [39, 40] beyond mean field. In the NJL model
mesons exist as resonances above Tc [41].
In this work we use the Monte-Carlo propagation of
heavy quarks including collisional and radiative energy
loss [21, 24, 25], MC@sHQ, within a 3+ 1d fluid dynam-
ically expanding plasma given from EPOS initial con-
ditions [42, 43]. These initial conditions are obtained
from the density of relativistic strings, which describe
flux tubes in multiple scattering events and fluctuate
event by event. We initialize the heavy quarks ran-
domly at the original nucleon-nucleon scattering points
in these initial fluid dynamical fields according to the pT -
distribution from FONLL [44–46]. Subsequent to initial-
ization the fluid dynamical background will evolve using
a parametrization of the lattice QCD equation of state
[32]. The local temperature and velocity fields then de-
termine the scatterings of the heavy quarks with the lo-
cally thermalized partons in the plasma. The evolution
of the heavy quarks is sampled by the Boltzmann equa-
tion. The elastic cross sections are obtained from pQCD
matrix elements in Born approximation [47, 48] includ-
ing a running coupling αs [7, 8, 49–51] and HTL and
semihard propagators, respectively [21, 52, 53]. The in-
coherent emission of bremsstrahlung gluons are included
via matrix elements from scalar QCD [54]. The coher-
ent emission of gluons, i. e. the QCD generalization of
the Landau-Pomeranchuk-Migdal (LPM) effect [11, 12] is
included via an effective reduction of the spectrum [55].
The hadronization of the heavy quarks will take place
at the transition temperature Tc via coalescence, pre-
dominantly for low-pT heavy quarks, and fragmentation,
predominantly in the intermediate- and high-pT region.
Previously, MC@sHQ was coupled to a 2 + 1d fluid dy-
namical background from smooth initial conditions and
an equation of state with a strong first-order phase tran-
sition [56]. In the present work we will use the highly
improved model to investigate the particular aspect of
the nature of the degrees of freedom around the tran-
sition temperature from the perspective of heavy-quark
observables.
This paper is organized as follows. In section II we
will explain how we model the fraction of hadronic bound
states above Tc being inspired by [37]. Next, we investi-
gate the nuclear modification factor and the elliptic flow
of D mesons in section III and section IV respectively.
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FIG. 1: (Color online) The fraction of partonic degrees of free-
dom λ as a function of the temperature T . Scenarios with-
out reduction of partonic degrees of freedom, but a global,
temperature-independent rescaling by K are indicated as hor-
izontal lines, where the solid/black line is for K = 0.8 and the
dashed/red line for K = 1.0. The two reduction scenarios are
the dotted/blue line for c = 1.3 and the orange/long-dashed
line for c = 1.5.
In section V we look at the azimuthal correlations of cc¯
pairs, before we conclude in section VI.
II. DESCRIPTION OF HADRONIC BOUND
STATES ABOVE Tc
In [37] only a qualitative statement about the fraction
of hadronic degrees of freedom can be made. We, there-
fore, need to assume some interpolation between a fully
hadronic resonances gas below Tc and a fully partonic
medium above some certain temperature c Tc > Tc to
quantify the mixture of degrees of freedom. Then the
fraction of partonic degrees of freedom λ in the medium
is constructed by an exponential increase from 0 at Tc to
1 at c Tc
λ(T ) =


1 for T ≥ c Tc
exp
(
T−c Tc
T−Tc
)
for Tc < T < cTc
0 for T ≤ Tc
. (1)
Here, we choose two different scenarios with c = 1.3
and c = 1.5 in accordance with the conclusions drawn in
[37]. We locate the value of Tc in the middle of the range
given from lattice QCD: Tc = 155 MeV.
Since there is no strong interaction between a colored
heavy quark and a color-neutral hadron we assume that a
fraction of hadronic degrees of freedom above Tc reduces
the scattering rates for heavy quarks with the colored
medium constituents. This reduction factor does not
distinguish between gluons and quarks as constituents.
Both scattering rates are equally multiplied by λ.
3In figure 1 the fraction of partonic degrees of freedom
is shown as a function of the temperature around Tc. In
the following sections we will compare calculations for
the two scenarios with a reduction of partonic degrees of
freedom down to Tc according to equation (1) for c = 1.3
and c = 1.5 to scenarios without any reduction of par-
tonic degrees of freedom. A scenario without reducing
the partonic degrees of freedom corresponds to calcu-
lations with a global parameter K independent of the
temperature for T > Tc, which we need to adjust such
that the experimental RAA data at intermediate and high
pT is best reproduced within our model. Including the
fixed coupling αs = 0.3 in the gluon emission vertex, we
will see that this requires reducing the magnitude of the
heavy-quark rescattering in the medium by K < 1.0. We
find thatK = 0.8 gives the best agreement with the high-
pT RAA, as shown in the next section. Although a global
parameter K = 1.0, which is temperature-independent
in the hot QGP phase, will lead to too much quench-
ing and thus to too low RAA we include this scenario in
our comparison as a basis to directly see the effect of the
reduction of partonic degrees of freedom. These scenar-
ios are indicated in figure 1 by the black/solid (K = 0.8)
and dashed/red (K = 1.0) horizontal lines. Let us repeat
that a global and temperature-independent rescaling of
the rates in the QGP either via the cross sections [19–25]
or via the diffusion coefficient [26–28] is a common pro-
cedure in modeling heavy quark propagation in the QGP
while our intention in this work is to investigate which
influence possible hadronic bound states above Tc have
on heavy quark observables starting from K = 1.0.
Several models [57–59] approached the possibility of
the formation of bound states, colored or color-neutral,
in the light quark sector in order to explain an enhanced
interaction between the light partons in the medium and
thus to explain the nature of the strongly-coupled fluid.
For fully thermalized charm quarks the same arguments
should lead to an enhanced interaction with the light par-
tons due to the in-medium formation ofD-meson-like res-
onances. For the non-equilibrium part of the heavy-flavor
particle spectrum short in-medium formation times of D
and B mesons lead to an additional dynamical quench-
ing mechanism [60]. By including resonant scatterings in
perturbative light-heavy parton cross section it was found
that the thermalization of heavy quarks was in fact ac-
celerated and the energy loss enhanced [61, 62]. We do
not consider the formation of charmed hadrons inside the
medium as it affects the partonic scattering cross sections
only, for which in turn our assumption holds as well: If
the number of partonic degrees of freedom is reduced so
are the scattering rates between heavy quarks and light
partons irrespectively of the precise form of the heavy-
light parton scattering cross sections.
III. NUCLEAR MODIFICATION FACTOR
High-pT heavy quarks suffer from a strong energy loss
in the initial stage of a heavy-ion collisions, where the
locally thermalized medium has high temperatures and
energy densities. Since the fireball created in a heavy-ion
collision has a finite size these high-pT heavy quarks are
expected to have left the medium and have hadronized
before the bulk matter undergoes a crossover to hadronic
matter. Consequently, the RAA of high-pT heavy-flavor
hadrons and decay leptons should be developed mainly
during the first few fm/c of the plasma evolution and not
be influenced by final hadronic interactions.
In figure 2 we plot the calculated RAA of D mesons in
central (0 − 7.5 %) Pb+Pb collisions at √s = 2.76 TeV.
The different scenarios are compared to preliminary data
from the ALICE experiment [63].
First of all, we observe that a calculation without a
reduction of partonic degrees of freedom above Tc and
K = 1.0 shows too much suppression at pT > 10 GeV.
This behavior in the high-pT region, on which we focus
here, can be cured by a global rescaling of the rates with
K = 0.8, as mentioned in the introduction. Applying a
reduction of partonic degrees of freedom with c = 1.3 and
c = 1.5 successively brings up the RAA at intermediate-
and high-pT as well. It is interesting to find that assum-
ing a fraction of hadronic degrees of freedom up to 1.3Tc
gives the same result for the RAA for pT > 7 GeV as
applying a global temperature-independent parameter of
K = 0.8. Within the experimental errors also a larger
region above Tc, where λ < 1, can describe the high-pT
data for RAA well.
None of the scenarios investigated here reproduces
the characteristic curvature in the RAA data for pT >
15 GeV. This indicates that the radiative corrections in-
cluding the LPM effect should be suppressed at higher
pT by some further mechanism, e. g. finite path length
effects [12, 64, 65] or finite life-time effects as proposed
in [66]. This will, however, not change the general fea-
tures of the influence of hadronic bound states above Tc
on heavy-quark observables, which are discussed in the
following.
It is important to note that in our standard reference
calculations (i. e. without a reduction of partonic degrees
of freedom) the global parameter of K = 0.8 independent
of temperature in the QGP is fixed once and for all by the
description of the RAA data. There is consequently no
room to change it in the subsequent study of the elliptic
flow and the azimuthal correlations (and generally also
for different centralities and B mesons or heavy-flavor
decay electrons, which is, however, not studied in this
work). In particular the results for K = 1.0 cannot be
a valid scenario for the case without a reduction of par-
tonic degrees of freedom and serves only as a baseline for
the scenarios including a reduction of partonic degrees of
freedom.
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FIG. 2: (Color online) RAA of D mesons at LHC in very
central (0 − 7.5 %) Pb+Pb collisions. Preliminary ALICE
data of averaged D mesons, including D0, D+ and D∗+, from
[63].
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FIG. 3: (Color online) v2 of D mesons at LHC in mid-
peripheral (30 − 50 %) Pb+Pb collisions. ALICE data of
averaged D mesons, including D0, D+ and D∗+, from [67].
IV. ELLIPTIC FLOW
The build-up of the elliptic flow of low- and
intermediate-pT heavy-flavor hadrons and decay leptons
takes place predominantly at later stages of the evolution
of the fireball. It is a sign for partial thermalization of
the heavy quarks within the medium. The elliptic flow
of the bulk matter needs to be developed first by trans-
forming the initial elliptic shape in coordinate space into
momentum space. Due to the interaction with the fluid
dynamical medium the heavy quarks, which have low or
intermediate pT , pick up some elliptic flow.
Here, the situation is different than for the RAA at
higher pT . While the interaction between colored heavy
quarks and color-neutral hadrons is of course still neg-
ligibly small, the final hadronic interactions of low- and
intermediate-pT heavy-flavor hadrons inside a hadronic
medium should contribute significantly to the elliptic
flow. Thus, our picture of the heavy-flavor elliptic flow
remains incomplete by not including final-state hadronic
interactions.
This is reflected in figure 3, where the calculated v2 of
D mesons is shown in the 30− 50 % centrality class from
Pb+Pb collisions at
√
s = 2.76 TeV and compared to AL-
ICE data [67]. Since our model does not cover final state
interactions between heavy-flavor and light hadrons only
the partonic contribution to the elliptic flow is shown.
We first note that a calculation, which does not consider
a reduction of partonic degrees of freedom above Tc and
which reproduces also the RAA with a global rescaling
of the scattering rates of K = 0.8 also lies within the
experimental uncertainties for the v2 measurements.
When the scattering is enhanced by applying K = 1.0
instead of K = 0.8 the elliptic flow is also enhanced. But
one needs to remember that this scenario is already ex-
cluded by the comparison to the D-meson RAA data and
is only a baseline for the scenarios where a reduction of
partonic degrees of freedom is included. For both scenar-
ios with a reduction of partonic degrees of freedom the
elliptic flow is also reduced. Unlike for the RAA, how-
ever, the curves for the reduction scenario with c = 1.3
and for the scenario without reduction of partonic degrees
of freedom and K = 0.8 do not lie on top of each other.
This is a direct consequence of the fact, that the elliptic
flow develops at the late stages of the evolution where
the bulk matter is at temperatures above Tc for which
λ(T ) < 0.8 and thus the interaction of the charm with
the collectively flowing medium is too small to transfer
the flow.
A reduction of partonic degrees of freedom would hence
leave room for a significant hadronic contribution, which
is expected to play a role for the D-meson elliptic flow.
V. AZIMUTHAL CORRELATIONS
Recently, we studied systematically the potential of az-
imuthal correlations of heavy quark-antiquark pairs to
learn about the different energy loss mechanisms and
their properties [68]. Here, we investigate the azimuthal
correlations of cc¯ pairs with respect to a possible reduc-
tion of partonic degrees of freedom above Tc. Measure-
ments of D-meson tagged azimuthal correlations should
experimentally become feasible with modern detector
and accelerator technologies like at the LHC. The the-
oretical investigation of azimuthal correlations in heavy-
ion collisions is not yet as elaborated as the study of tra-
ditional heavy-quark observables like the nuclear modifi-
cation factor and the elliptic flow [69–72].
As it was discussed in [68] the final shape of the dis-
tribution of the difference of the azimuthal angle, ∆φ,
of a cc¯ pair, which was initially produced together, de-
pends on the initialization. Single-inclusive pT spectra
for heavy-quark production in proton-proton collisions
are best described by FONLL calculations [44–46], which
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FIG. 4: (Color online) Azimuthal distribution of initially cor-
related cc¯ pairs in very central (0 − 7.5%) Pb+Pb collisions
at
√
s = 2.76 TeV. The different classes for the final charm
and anticharm quark pT are [1− 4] GeV (a), [4− 10] GeV (b)
and [10 − 20] GeV (c).
does, however, not give information for more exclusive
observables. The only possible leading-order production
process is the annihilation of a light quark and antiquark
or two gluons to form a heavy-quark pair, qq¯ → QQ¯ or
gg → QQ¯. Due to energy-momentum conservation these
QQ¯ pairs are initially correlated strictly back-to-back.
Next-to-leading order (NLO) processes such as the gluon
emission in the initial and final state and the production
processes via flavor excitation and gluon splitting lead
to a broadened peak around ∆φ = pi and an additional
enhancement around ∆φ = 0 in the azimuthal distribu-
tions from proton-proton collisions. Including these NLO
effects one can thus find similar trends in the broad-
ening of the back-to-back peak in the initial distribu-
tion like in the final distribution after evolution in the
medium.Due to the higher mass, initial azimuthal distri-
butions for bb¯ pairs can be more reliably calculated than
for cc¯ pairs. In [68] we were able to show that the main
conclusions concerning the energy loss mechanism, the
centrality and the effect of the pT trigger remains quali-
tatively unchanged when going from FONLL to, for ex-
ample, MC@NLO [73, 74] initializations of bb¯ pairs. Here,
we use the leading-order back-to-back initialization in or-
der to study the principal effect of a reduction of partonic
degrees of freedom above Tc in a precise setup.
In figure 4 we show the azimuthal correlations of cc¯
pairs for central (0 − 7.5%) Pb+Pb collisions at √s =
2.76 TeV and for three different pT -trigger classes: in
figure 4(a) the final transverse momenta of the charm
and the anticharm quark are between 1−4 GeV, in figure
4(b) between 4− 10 GeV and in figure 4(c) between 10−
20 GeV.
The general trend is very well visible: Due to less
rescattering the initial correlations survive the evolu-
tion in the medium more clearly in the larger pT -trigger
class than in the lowest pT -trigger class, where the heavy
quarks partially thermalize and are therefore distributed
more isotropically in the azimuthal angle. For the test
scenario without any reduction of partonic degrees of
freedom above Tc and a parameter K = 1.0, which is
however excluded by the RAA data, the strong rescat-
tering in the collectively flowing medium tends to az-
imuthally align the cc¯ pairs instead of retaining the initial
back-to-back configuration. This is the so-called “par-
tonic wind” effect [71]. In the more realistic scenario
with a global and temperature-independent rescaling of
the scattering rates in the QGP by K = 0.8 this effect is
only seen rudimentarily to the extent that a dip develops
around ∆φ = pi. For the case of a reduction of par-
tonic degrees of freedom above Tc with c = 1.3 (c = 1.5)
this dip is much less pronounced (disappears) indicating
again that effects related to flow are sensitive to the later
stages of the evolution.
In all three pT -trigger classes we observe that the shape
of the azimuthal correlations is very similar for a global
and temperature-independent rescaling in the QGP by
K = 0.8 and the scenario, where there are hadronic de-
grees of freedom up to T = 1.3Tc. An extended region of
reduced partonic degrees of freedom leads to less smear-
ing of the initial correlations in all pT -trigger classes.
6VI. CONCLUSIONS
Within a coupled Monte-Carlo propagation of heavy
quarks and a fluid dynamically evolving medium,
MC@sHQ+EPOS, we studied the influence of a possible
existence of hadronic bound states above the transition
temperature. We assumed an exponential decrease of the
partonic degrees of freedom from a fully partonic plasma
at c Tc with c = 1.3 and c = 1.5, and above down to a
full hadronic resonance gas at Tc and below. While gen-
erally the existence of hadronic degrees of freedom above
Tc seems likely a quantitative description is not available.
We saw that all three observables, the nuclear modifi-
cation factor, the elliptic flow and the azimuthal corre-
lations are sensitive to a possible reduction of partonic
degrees of freedom above Tc. The value of the nuclear
modification factor increases by a factor of 2 at interme-
diate and larger transverse momentum when going from
a scenario without any reduction of partonic degrees of
freedom down to Tc to our largest estimate of reduction
scenarios. Due to the decreased scattering rates also the
azimuthal correlations show less broadening when one
opens a region of hadronic degrees of freedom above Tc.
With these two observables it cannot be distinguished be-
tween a global temperature-independent rescaling of the
scattering rates in the QGP by K = 0.8, which is a com-
mon procedure in the numerical investigation of heavy-
quark propagation, or the existence of hadronic degrees
of freedom up to T = 1.3Tc given our assumptions.
Here, the elliptic flow of D mesons could become more
crucial. As it is built-up at the later stages of the collision
a scenario with a reduction of partonic degrees of freedom
up to T = 1.3Tc yields a smaller value of v2 than in a
scenario with a global rescaling of K = 0.8. Since one
expects a substantial contribution to the elliptic flow of
D mesons from final hadronic interactions (D mesons
interacting with light hadrons), a partonic contribution,
which is itself well below the data points is most likely
to be realistic.
Our coupled model, MC@sHQ+EPOS, can of course
be compared to data from RHIC experiments and ad-
ditional data for heavy-flavor decay leptons at LHC en-
ergies. In a dedicated work presented elsewhere we will
investigate the fluid dynamical medium from the EPOS
approach, which in its current version is optimized for
LHC energies, in more detail.
From our present investigation it becomes evident that
a thorough understanding of the properties of the under-
lying bulk matter and in particular the equation of state
is crucially important for understanding the heavy-quark
propagation. Here, the lattice QCD equation of state re-
quires a solid interpretation in particular with respect to
the effective degrees of freedom, which are active around
Tc. A solid knowledge of the underlying fluid dynami-
cal medium turns out to be very important for a reliable
study of heavy-quark observables in heavy-ion collisions.
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